We predict that attosecond spectroscopy could be used to observe time delay for electron emission in the C 1+ ion from a few step processes that include electron impact excitation. The results reveal that the photon energy corresponding to the excitation to the 1s2s 2 2p 2 2 D 1.5 level from the ground one has to be used to study the emission of the electrons produced with the largest probability from a few step processes. Double and triple Auger processes are investigated in the C 1+ ion as a sequence of single Auger transition with subsequent ionization by the Auger electron. Single-and two-step processes describe the double Auger transition while the triple Auger transition arises from two-and three-step processes. Fairly good agreement with experimental values for cross sections demonstrates that inner shell excitation by photon leads to subsequential emission of the electrons in the double and triple Auger processes. * Valdas.Jonauskas@tfai.vu.lt
I. INTRODUCTION
Fast multiple electron processes keep fascinating researchers for nearly 100 years. Understanding of such processes is essential for further development of theory and paving the road for technological advances [1] . Ultrafast attosecond spectroscopy has been successfully applied to study motion of electrons in atoms [2] [3] [4] , molecules [5, 6] , and solids [7, 8] . Interaction of photon with atom followed by multiple electron emission is attracting considerable interest due to correlation effects which are of fundamental importance. Inner shell excitation or ionization can lead to emission of many electrons producing atoms in the highly ionized stages [9] [10] [11] . The main decay mechanism of the system with inner shell vacancy is Auger cascade when in every step of the cascade one electron is ejected from the ion. The cascade continues while energy of the atomic system is above the ionization threshold. The single Auger transition has the largest probability compared to the Auger transitions with the simultaneous emission of two [12] or three [13] electrons. However, simultaneous emission of multiple electrons is less understood and, therefore, more interesting as the description of the process has to deal with many body Coulomb problem.
Time delay for photoionization from different atomic orbitals was experimentally observed using ultrafast attosecond spectroscopy in the Ne atom [14] . This effect was explained by the correlated motion of all electrons which occur during photoionization process. The time delay was also observed for the photoemission of electron in the He atom when ion is left in the shake-up state compared to the ground one [4] . Sudden perturbation of the atomic potential due to remove of one electron from the system leads to the rearrangement of the atomic wavefunction resulting in the excitation of the bound electron. On the other hand, the excited final state observed after photoionization can be explained by the interaction of the photoelectron with the bound electron on its way out from the ion. This additional process would also lead to the time delay of the photoelectron leaving the ion in the excited state. Unfortunately, it is impossible to distinguish which of the interpretations are realized in nature for this case.
The attosecond spectroscopy can be applied to investigate this fundamental question related to additional processes using single, double, and triple Auger transitions arising after the 1s → 2p excitation in C 1+ . These transitions were observed experimentally by Müller et al. [15, 16] . It should be noted that double and triple Auger transitions can be of the largest importance for the K shell decay in elements potentially applicable for targeted cancer therapies [17] [18] [19] .
Recently description of single, double, and triple Auger decay using the knock-out model was proposed [20] . They analyzed additional single and double ionization by electron produced in the single Auger process. Their work is based on the knock-out and shake-off mechanisms used before to describe the double Auger transitions [21, 22] . The probabilities for the sequential ionization were taken to be equal to the collision strengths of the inelastic scattering for the knock-out modeling. The obtained ratios for triple to single Auger rates are above experimental values by about 40 % but still within the experimental uncertainty of 50 % [15] . Only sequential single-and two-step direct ionization by Auger electron impact has been studied in this work to describe double and triple Auger transitions.
In this work, we demonstrate that time delays of emitted electrons due to sequential collisions leading to the double and triple Auger transitions for the C 1+ ion can be observed using the attosecond spectroscopy. Every additional step in the sequential collision of the electrons results on average in the time delays for the emission process. We suggest possible photon energies to study the effect in C 1+ . Emission of two and three Auger electrons is investigated as a consequence of interaction of single Auger electron with the bound electrons ( Fig. 1 ). This interaction can lead to electron-impact excitation or ionization. The interaction of Auger electron which results in ejection of one or two additional electrons from the system corresponds to the double or triple Auger process, respectively. Thus, the double Auger process is described by the electron-impact ionization or excitation with the subsequent ionization while the triple Auger process is presented by direct double ionization (DDI). Recently, the electron-impact DDI processes were successfully investigated using a few step approach [23] [24] [25] . It should be noted that the triple ionization by electron impact in the Se 2+ ion was explained as a sequence of DDI with subsequent autoionization [25] .
Interestingly, three-step DDI processes play a crucial role in the triple ionization of Se 2+ .
This result has further strengthened our hypothesis that the additional processes that we have introduced in addition to sequential ionization are important in the multiple ionization.
Influence of these processes to the double and triple Auger transitions has not been analyzed before.
The rest of the paper is organized as follows. Section II presents a brief outline of the theoretical approach. In section III, the obtained results are discussed. Finally, we end with the conclusions from the present investigation. 
Here summation is performed over the intermediate levels j and k, A a and A r are the Auger and radiative transition probabilities, respectively. The summation in the denominator determines all decays from the level j through the Auger and radiative transitions. The Auger electron of the energy ε on its way out from the system can eject one or two additional electrons with the corresponding probability P kf (ε) leading to the transition to the C 3+ or C 4+ ionization stages, respectively.
For single ionization by photon, the probability P kf (ε) is expressed by Kronecker delta:
This means that the Auger electron leaves system of the bound electrons without further interaction. For double ionization, the probability includes electron-impact collisional ionization (CI) and excitation with subsequent ionization (EI):
The probability for CI is obtained from equation:
whereR nl is the mean distance of the electrons in the nl shell from the nucleus and the electron is ejected from the nl shell. The probability for EI process is given by
where the level p belongs to the C 2+ ion, ε 1 = ε − △E kp , △E kp is the transition energy.
For the triple ionization, the probability takes into account ionization-ionization (II), excitation-ionization-ionization (EII), and ionization-excitation-ionization (IEI) processes
These processes define the probabilities for DDI [23] [24] [25] . The probability of the II process is expressed by equation
where the level r corresponds to the C 3+ ion, ε 1 is the energy of the ejected or scattered electron after ionization from the level k. The probability of the EII process is given by product of three probabilities
Here ε 1 = ε − △E kp , ε 2 is the energy of the ejected or scattered electron after the ionization from the level p. In the same way, the probability of the IEI process can be expressed by equation
where the level t belongs to the C 3+ ion, ε 1 is the energy of the ejected or scattered electron after the first electron-impact ionization, ε 2 = ε 1 − △E tr .
Energy levels, radiative and Auger transition probabilities as well as electron-impact excitation and CI cross sections have been calculated using the Flexible Atomic Code [26] .
This code implements the Dirac-Fock-Slater approach. Electron-impact excitation and CI processes are investigated using the distorted-wave (DW) approximation.
III. RESULTS
Photoexcitation from the ground level C 1+ 1s 2 2s 2 2p 2 P 0.5 leads to the formation of 1s2s 2 2p 2 2 P 0. (Fig. 2) , better agreement with measurements [28] is obtained when the ionization process is studied in the potential of ionizing ion (V N ).
Thus, cross sections of the ionization by the initial Auger electron for the double Auger process have to be studied in the corresponding potential. However, the different situation is observed for the single ionization process in the C 3+ ion (Fig. 3) . At the lower energies of the incident electron, better agreement with the experiment [29, 30] 4. The most remarkable result to emerge from the data is that the two-step EI process provides quite large contribution. The contribution of the EI process consists of 35% at the peak of the total probability for the 2s 2 1 S 0 level. Its influence is even larger at the lower energies. The contribution of the process drastically decreases at the higher energies of the incident electron. The two-step process also plays less significant role for other configurations (Fig. 4) . It should be noted that the probability to form C 3+ is the largest for the C 2+ 2p 2 configuration. It is higher by about 60 % compared to the 2s 2 configuration and 40 % than the 2s2p configuration at the peak.
The DDI cross sections for the lowest levels of the 2s 2 , 2s2p, and 2p 2 configurations are shown in Fig. 5 . The data correspond to the case when one of the electrons takes all the excess energy after the first ionization process. Contribution from the two-and three-step processes is also presented. The obtained data demonstrate that II provides the largest input to the DDI process. The relative contribution of the three-step processes is the largest for the 2s 2 1 S 0 level. On the other hand, the II process consists of 92 % of the total DDI cross sections at the peak for the 2p 2 3 P 0 level. At the higher energies, influence of the threestep processes is negligible. The DDI cross sections from all levels of the 2s 2 , 2s2p, and 2p 2 configurations are presented in Fig. 6 . The calculations for all levels of the 2s 2 , 2s2p, and 2p 2 configurations show that the DDI cross sections are about two times higher for the 2p 2 configuration compared to the 2s 2 one. This can be explained by the fact that the CI cross sections are higher for the electron-impact ionization from the 2p shell compared to the 2s one.
The DDI cross sections when the ejected and scattered electrons share the excess energy after the first electron-impact ionization process are compared to the situation when one of the electrons takes all the excess energy in Fig. 7 . The first scenario dominates at the higher energies of the incident electron while the second case leads to the higher cross sections at the lower energies.
Cross sections for single, double, and triple ionization by photon from the ground state of the C 1+ ion are compared with experimental values in Fig. 8 . The value of the main peak is normed to the experimental one for the cross sections of the single Auger process.
In addition, the theoretical values are shifted to the measured peak positions. 2 configuration is observed for the lower peak only. As it is demonstrated above, the influence of the three-step processes to the formation of the DDI cross sections is the largest for the 1s 2 2s 2 configuration. The same is true for the double Auger process but in this case the time delay for the two-step process compared to the single-step one could be observed.
IV. CONCLUSIONS
In conclusion, the attosecond spectroscopy can be applied to observe time delays in electron emission after the 1s → 2p excitation in the C 1+ ion. The largest probability to observe the two-step process for the double Auger transition corresponds to the See the text for the details. 
